In order to study the formation processes of deoxidation products with manganese during the solidification of iron, inclusions in iron ingots, which were deoxidized with 2 % manganese or with 0.2 % silicon-2 % manganese in an alumina crucible and solidified unidirectionally, were investigated. Almost all the deoxidation products in all the ingots deoxidized with both kinds of deoxidizers, were of nearly spherical shape, and usually contained aluminum and silicon besides manganese, oxygen and sulfur. The oxygen content of the ingot did not vary significantly with the kind of the above two deoxidizers. From such experimental results and the estimation of the supersaturation for the formation of some kinds of deoxidation products, it was considered that the deoxidation products with manganese during the solidification of iron in the alumina crucible had nucleated as Mn0.A12-03(s) and grown in liquid state, reacting with Mn, Si, S and 0.
I. Introduction
The formation of deoxidation products with Mn during the solidification of Fe has been discussed by Schurmann and Bannenberg,l~ with the conclusion that the secondary Fe0-Mn0 inclusions are formed and grow in front of the solid-liquid interface with relatively small enrichment ratios of Mn and 0. Their conclusion is based on the distribution of inclusions in Fe solidified under special conditions, but the constituents of the inclusions seem to be not always clear.
The purpose of this paper is to discuss the formation processes of the deoxidation products with Mn during the solidification of Fe in more detail. The distribution, composition and morphology of the deoxidation products with Mn or Si-Mn in unidirectionally solidified Fe ingots were investigated, and the formation processes of the deoxidation products were discussed in comparison with the deoxidation products with Si2'3~ or A1.4~
II. Experimental
The raw material used was made of electrolytic Fe by the same method as in the previous papers.2,4~ Several impurities in the raw material are shown in Table 1 . After the raw material was set in the same apparatus used in the previous experiments,2'4~ about 2 % of Mn, or 0.2 % of Si and 2 % of Mn was put on the top of the raw material. (Excepting the symbols of " at% " and " vol% ", " % " in this paper means " mass% ".) The Mn and Si used were the Johnson-Matthey electrolytic Mn and of the purity of 99.999 %, respectively. The raw material, together with the deoxidizer, was melted at 1 930 K for 10 min with a high-frequency induction of 100 kHz, and was solidified from the bottom by withdrawing the induction heating coil upward at a constant speed of 28.3 ,um/s, under the following two conditions : (1) The induction heating power was gradually increased so that the temperature of the melt might be kept as constant as possible (referred to as "T.C." hereafter) and ( 2) The induction heating power was kept constant (referred to as " P.C. "). Details of these solidification conditions have been shown in the previous paper.
2) The crucible used was of a high-purity alumina (A1203>99.6 %), and the atmosphere was a purified 3vol%H2 Ar flowing at a rate of 0.83 cm3/s.
The longitudinal cross sections of the unidirectionally solidified ingots were deeply etched electrolytically as in the previous papers2'4~ and were observed with a scanning electron microscope. The composition of inclusions, which were extracted from the deeply etched specimens with an extraction replica technique, was examined by means of analytical electron microscopy, electron-probe microanalyses and selected-area transmission electron diffraction.
III. Results
Chemical Analyses and Macrostructure of Unidirection-
ally Solidjfied Ingots The analyses of four kinds of ingots are shown in Table 2 . The 0 content of the ingot deoxidized with Mn alone is larger when solidified under the condition of T.C. than when solidified under the condition of P.C. Such a tendency was observed also in the cases of the deoxidation with Sit) or A1.4~ However, it is noted that there is no significant difference in the 0 content between the ingots deoxidized with Mn alone and with Si-Mn. Moreover, the 0 content of ingots deoxidized with 2 % of Mn alone is distinctly smaller than that of ingots deoxidized with 0.1 % of S12) : which is contrary to the prediction based on appropriate thermodynamic data. Such complex results will be discussed later.
The macrostructure of the unidirectionally solid- ified ingot, which was deoxidized with Mn or SiMn, was not well-regulated, as shown in Photo. 1(a). This is perhaps due to the effect of Mn to refine the size of a-grains of the ingot. However, the solidification of the ingot must have been of unidirectional: which is probably supported by the solidification structure of Fe-10%Ni alloy deoxidized with Mn, shown in Photo. 1(b).
Z. Distribution and Morphology of Inclusions in Ingot
The distribution, shape and size of inclusions did not vary significantly with the solidification conditions, T.C. and P.C., and also with the kind of deoxidizers, Mn and Si-Mn. Generally, the distribution of inclusions became to be sparse and the size increased, with increasing the distance from the initial solid-liquid interface of the ingot, probably reflecting the solidification-structure and -conditions of the position of the ingot. Scanning electron micrographs of some types of inclusions are shown in Photo. 2.
In the region near the initial solid-liquid interface of the ingot, spherical inclusions having a diameter of less than 2 pm were preferentially located at the intercellular region of the matrix, as shown in Photos. 2(a) and (a'). Rarely, inclusions were located as shown in Photos. 2(b) and (b'), where the solidification of the matrix was perhaps of nearly planar. With increasing the distance from the initial solid-liquid interface, such a regularity of the distribution of inclusions became to be not clear, though the preferential location of the inclusions must have been also the intercellular or interdendritic region of the matrix. Sometimes, especially in the upper region of the ingot, small spherical inclusions swarmed as shown in Photos. 2(c) and (c'). Elongated inclusions (Photos. 2(d) and (d')) were also observed. Very fine inclusions of less than 0.2 pm, which can be seen in Photo. 2(e) together with larger inclusions, were observed at random, and they increased in amount in the top region of the ingot. Occasionally, large, massive inclusions as shown in Photos. 2(f) and (f'), were observed at random. Such inclusions were regarded as exogenous inclusions of which the source was perhaps the chemical corrosion and/or mechanical erosion of the crucible used.
Composition of Inclusions 1. Inclusions in Ingots Deoxidized with Mn
The composition of inclusions extracted from the ingots was examined mainly with an analytical electron microscope, which could analyze the elements whose atomic number was greater than 10. From the spherical inclusions in the ingots deoxidized with Mn alone, large amounts of Mn and S, and a small amount of Si, and/or Al, and/or Fe, were usually detected, regardless of the solidification condition of the ingot.
The composition of elongated inclusions (Photo. 2(d)) did not differ significantly from that of the spherical inclusions. Angular inclusions, from which only Al was detected, were sometimes found. From very fine inclusions of less than 0.2 pm, as shown in Photo. 2(e), Mn and S, and sometimes a small amount of Si and/or Al, were detected. By means of the electron diffraction, such fine inclusions were identified as a-MnS. From massive inclusions, such as shown in Photo. 2(f), one or some or all of the elements of Al, Si, S, K, Ca, Ti, Mn and Fe were detected.
In view of the above results and some results of electron-probe microanalyses, it was concluded that the typical inclusions formed during the solidification of Fe deoxidized with Mn were composed of the oxysulfide of Mn usually containing Si and/or Al and/or Fe. However, the ratios of these constituents varied with each of the inclusions and also even with the position of an inclusion, as shown in Photos. 3 and 4.
The values of at% of the elements detected at the center of typical spherical inclusions are shown in Table 3 . The average values of at% of the detected elements in Table 3 were corrected under the following assumptions. 1) All the S exists as MnS.
2) The remaining amount of Mn exists as MnO. Macrostructures of the longitudinal cross section of Photo. 2. Scanning electron micrographs of several types of inclusions. "L" means the distance from the initial solid-liquid interface (mm). The macroscopic solidification direction of the matrix is from the bottom to the top. 3) All the Si exists as SiO2. 4) All the Al exists as A1203. 5) All the Fe exists as FeO.
6) The total of the at% of Mn, S, Si, Al, Fe and 0 is 100. The corrected values of the at% are also shown in Table 3 , together with the estimated at% of 0. From this table, the average composition of the inclusions formed during the solidification of Fe deoxidized with Mn is estimated roughly to be 4MnS-2MnO-SiO2 O.11A12O3, regardless of the solidification conditions, T.C. and P.C. Iv. Discussion 1. Macroscopic Consideration on the Oxygen Content of Ingots In the following discussion, it is assumed that all of the foreign elements in the ingot have been contained as solutes in the melt. The 0 contents of the ingots shown in Table 2 are plotted against the Mn content in Fig. 1(a) , together with the equilibrium curves between Mn and 0 in liquid Fe, Fe-Si, and Fe-Al alloys at 1 793 K, which temperature is assumed to be the liquidus temperature of the melt in this study. The equilibrium curve for the formation of Mn0 A1203(s) in liquid Fe saturated with A1203(s), in which curve the activities of both A1203(s) and Mn0 A1203(s) are assumed to be unity, is also shown in Fig. 1(a) , by a dotted line. The 0 contents are replotted against the Si content in Fig. 1(b) , and against the Al content in Fig. 1(c) , together with the equilibrium curves between Si and 0 and between Al and 0, respectively. The data used for drawing these equilibrium curves and also used in this discussion are summarized in Table 4 . These data are assumed to be applicable to the high concentration of solutes and also to low temperatures in this discussion.
From Fig. 1(a) , it is seen that the 0 contents of ingots deoxidized with Mn alone, especially when solidified under the condition of P. C., are much smaller than the amount of 0 equilibrating to Mn under Fe0-Mn0 slag, at the liquidus temperature of the ingot. When deoxidized with Si,2~ the 0 content of the ingot was larger or smaller than the amount of 0 equilibrating to Si at the liquidus temperature of the ingot, depending upon the solidification condition being T.C. or P. C. In the case of the deoxidation with A1,4~ the 0 content of the ingot was larger than the amount of 0 equilibrating to Al at the liquidus temperature of the ingot, regardless of such solidification conditions. Compared the 0 content of the ingot in this study with those in the above two experiments,2,4~ it is considered that the small 0 content of the present ingot has resulted perhaps from the effect of the crucible used and/or small amounts of other stronger deoxidizing element, such as Al, in the melt.
As can be seen in Fig. 1(a) , if the melt was saturated with both A1203(s) and Mn0•A1203(s), the relation between the contents of Mn and 0 is similar to that between the contents of Si and 02?: i.e., the 0 content is larger or smaller than the amount of 0 equilibrating to Mn at the liquidus temperature of the ingot, depending upon the solidification condition being T.C. or P.C. In view of the facts that Mn0. A1203 was formed at the interface between the alumina crucible and the ingot deoxidized with Mn,17~ and that the melt was stirred with a high-frequency induction in the alumina crucible, it can be regarded that the melt in this study was nearly saturated with both A1203(s) and Mn0 •A1203(s).
The 0 content of the ingot deoxidized with Mn alone was not significantly different from that of the ingot deoxidized with Si-Mn. This suggests that the effect of Si was overwhelmed by the effect of the crucible used and/or of Al. It is known that Mn tends to attack some kinds of refractories containing Si02 If the primary deoxidation products were composed of (MnO)x(SiO2)y(A1203)z of which the composition was the same to that of the inclusions in the ingot, the amount of 0 can be estimated by using the activities of MnO, Si02 and A1203 in the complex deoxidation products. Equilibrium curves of (a) Mn-0, (b) Si-0, The 0 contents of ingots shown in Table 2 (b) and (c), respectively. 1983 able to explain some of the analytical data in Table  2 , the significantly small content of 0 of the ingot deoxidized with Mn and solidified under the condition of P.C. can not be explained.
In conclusion, it seems likely that the 0 contents of both kinds of ingots deoxidized with Mn and Si-Mn are determined fundamentally by the equilibrium relation between 0 and Mn in liquid Fe which is saturated with both A1203(s) and MnO •A12O3(s).
Formation Processes of Inclusions during the Solidjflca-
tion of Fe Deoxidized with Mn or Si-Mn In the region near the initial solid-liquid interface of the ingot, inclusions were preferentially located at the intercellular region of the matrix (Photos. 2(a) and (a')). The ratio of the average width of the area almost free from inclusions (A in Fig. 2) to the average distance between adjacent cell boundaries where inclusions were preferentially located (B in Fig. 2) , was 0.85, regardless of the kind of deoxidizers, Mn and Si-Mn, and also of the solidification conditions, T.C. and P. C. If this ratio is regarded as the fraction of solid at which the inclusions nucleated, the supersaturation necessary for the nucleation of the inclusions can be estimated under the following assumptions.
(1) Solutes relating to the formation processes of the inclusion are only Mn, 0, S, Si, Al and N.
(2) Each of the solutes is enriched independently with one another.
(3) The concentration of solute in the remaining liquid, C~, obeys " Scheil " equation, C1= C2 (1-fs)k-1, where C2 is the initial concentration of solute, fs is the fraction of solid, and k is the equilibrium distribution coefficient of the solute.
(4) The value of Ci of 0 is taken to be the 0 content of the lower portion of the ingot, and those of Mn and Si are taken to be the analyzed values of the ingot ( Table 2) . The values of C1 of S and Al are both assumed to be 0.003 %. The value of Ci of N is taken to be the content of the raw material shown in Table 1 . (5) The degrees of the fall in the liquidus temper- Table  4 . Data used in this discussion. 
ature, due to solutes, are not affected by coexisting other solutes, and are added to one another. The degree of supersaturation for the formation of a certain inclusion, S, is defined as Kf Kej where K is the solubility product, in the calculation of which the effects of coexisting elements at the liquidus temperature of the melt are taken into consideration, and Ke is the equilibrium constant at the liquidus temperature.
The degrees of supersaturation for the formation of Mn0•A1203(s)-A1203(s) (this means that the formation of Mn0 •A1203(s) in the melt saturated with A1203(s)), Mn0 .A1203(s), Mn0 • Si02(1) and 2Mn0 S102(l) are shown in Fig. 3 , against the fraction of solid, fs. The degrees of supersaturation for the formation of Fe0 (1), MnS (l or s), Mn0 (s) and Si02 (s) are not shown, because those for the former two are less than unity at the fs being 0.85 in all the ingots, and because those for the latter two are almost unity or less than unity at the fs being 0.85 in one of the ingots. From this figure, it can be seen that the degrees of supersaturation for the formation of Mn0 A1203(s), Mn0 • Si02(1) and 2Mn0 • Si02(1) are widely different among the ingots, but that the degrees of supersaturation for the formation of Mn0 A1203(s)-A1203(s) are not so different. In view of the fact that the fs at which the inclusions nucleated seems to be not significantly different among the ingots, it is probable that the inclusions nucleated as Mn0 •A1203(s)-A1203(s) at a degree of supersaturation being from 5 to 30.
The above results and the fact that almost all the inclusions contained Si, Al and S besides Mn and 0, strongly suggest that the melt in the alumina crucible had been saturated with A1203(s), and that, during the solidification of the melt, the inclusions had nucleated as Mn0 •A1203(s) and grown reacting with Mn, Si, S and 0.
Dendritic inclusions were not observed in all the ingots in this experiment. This was probably caused by the low melting point of the deoxidation products. In the case of the deoxidation with Si,2,3j the primary deoxidation products were of the spherical glassy silica of which the melting point was about 2 000 K,20~ and the dendritic inclusions nucleated as (Fe0)x• 5102(1) having a lower melting point (e.g., the melting point of 2Fe0 • Si02 is about 1 480 K20)), and grew being reduced by Si so that the composition might reach to that of 5i02. In other words, the inclusions grew continuously changing their state from liquid to solid in the liquid matrix, under a proper solidification condition. This resulted in the dendritic inclusions in spite of their glassy nature. In the case of the deoxidation with A1,4~ on the other hand, the primary deoxidation products consisted of a A1203 of which the melting point was about 2 300 K.20~ Their shape was usually dendritic because of their crystallographic growth direction. The deoxidation products formed during the solidification of the matrix were mainly of iron aluminate having a relatively high melting point (e. g., the melting point of FeO • A1203 is about 2 050 K20)). Thus, the secondary inclusions grew in solid state in the liquid matrix, with the crystallographic growth direction : which produced globular inclusions of which the growth direction did not correlate with the solidification direction of the matrix. The melting point of MnO is about 2 120 K,20~ but the deoxidation products with Mn were the mixed compounds of MnO, Si02, A1203 and also MnS. The melting point of spessartite (3MnO.3SiO2 •A1203) is lower than about 1 500 K.20~ The constituent of MnS may further reduce the melting point. Therefore, the deoxidation products with Mn or Si-Mn during the solidification of Fe, probably nucleated as MnO A1203(s) and grew in liquid state, reacting with Mn, Si, S and 0, in the liquid or even in the solid matrix, and thus, their shape became of nearly spherical in spite of their crystalline nature.
V. Summary Inclusions in Fe ingots, which had been deoxidized with Mn or Si-Mn in an alumina crucible and solidified unidirectionally, were investigated, and the formation processes of the inclusions were discussed.
(1) The 0 content of the ingot deoxidized with Mn alone was significantly smaller than the amount of 0 equilibrating to Mn under FeO-MnO slag, at the liquidus temperature of the ingot.
(2) The 0 content of the ingot did not vary significantly with the kind of the deoxidizers used, Mn and Si-Mn. the low
